Background and objectives: Children and adolescents with ESRD on dialysis are susceptible to serious bacterial infections (SBI). Chemokines and chemokine receptors play a critical role in modulating macrophage and neutrophil function. This study examined the hypothesis that expression and/or function of these molecules is dysregulated in patients with ESRD, contributing to leukocyte dysfunction.
I
nfectious complications cause significant morbidity in patients with ESRD on dialysis (1, 2) . The costs include hospitalization, administration of antibiotics, and surgical procedures to correct malfunction of the dialysis access device (1) . Moreover, SBI are the second most common cause of death in this patient population (1) . Most infections are related to the use of prosthetic appliances needed for the dialysis procedure.
In pediatric patients with ESRD who require hemodialysis, an increasing number are being dialyzed using tunneled, dual-lumen catheters that can be maintained within a central blood vessel for up to one year (3) . The frequency of catheterrelated infections has been estimated to be 3 to 5.5 per 1000 patient days, equivalent to 0.7 to 1.5 infections per catheter per year (1, 3, 4) . The occurrence rate follows a bimodal distribution with one group having rare or no infections and a second group with fairly frequent episodes (1, 4) . Peritoneal dialysis is an alternative means of dialyzing pediatric patients with ESRD. However, a major limitation of peritoneal dialysis is peritonitis, and exit site or tunnel infections. The rate of infection is approximately one episode per 10-mo of patient use (5, 6) . Similar to the pattern of infection in children on hemodialysis, there are two distinct patient populations, one with recurrent episodes of peritonitis and one with virtually no infections.
Several investigations have assessed immune function in patients with ESRD on dialysis. The best-documented abnormalities in immune function are diminished bacterial phagocytosis by polymorphonuclear leukocytes (neutrophils) and impaired clearance of IgG-coated erythrocytes by monocytes (7) .
Members of the chemokine family play a pivotal role in eliciting the migration of specific subsets of inflammatory cells, a hallmark of effective host defense (8, 9) . The chemokines interleukin-8 (IL-8), gro␣, gro␤, and gro␥ modulate the trafficking and activation state of neutrophils via binding and signaling through their cognate receptors, CXCR1 and CXCR2. Monocyte chemotactic protein-1 (MCP-1), macrophage inflammatory protein-1␣ (MIP-1␣), macrophage inflammatory protein-1␤ (MIP-1␤), and regulated upon activation, normal T cell expressed, and secreted (RANTES) protein modulate the trafficking and activation status of macrophages via binding and signaling through CCR1, CCR2, and CCR5 (10) . Impaired expression of chemokine and/or chemokine receptors (either via gene knockout or mutation) leads to increased susceptibility to infection (11) (12) (13) (14) (15) (16) (17) (18) . Therefore in this prospective, nontherapeutic study we examined whether there are abnormalities in plasma chemokine levels and/or cell-associated chemokine receptors in pediatric patients with ESRD on dialysis leading to diminished neutrophil and monocyte/macrophage function. In addition, we determined if these changes were associated with a heightened risk of developing SBI such as catheter-related sepsis.
Concise Methods

Reagents and Antibodies
Monoclonal anti-CCR5 (clone 2D7) labeled with phytoerythrin, anti-CD14 labeled with allophycocyanin (APC), appropriate isotype controls, APC beads, and red blood cell lysis buffer were obtained from BD PharMingen (San Diego, California). Monoclonal antibodies against CCR1, CCR2, CXCR1, and CXCR2, and appropriate isotype controls all labeled with phytoerythrin were obtained from R&D Systems (Minneapolis, Minnesota). Calcein-AM was obtained from Molecular Probes (Eugene, Oregon).
Study Population
Patients enrolled in this prospective, nontherapeutic study were children and adolescents 6 mo to 18 yr of age who had ESRD and were being treated with either hemodialysis using a tunneled double-lumen catheter, arteriovenous (AV) fistula, or AV graft, or peritoneal dialysis using a Tenckhoff catheter between December 1, 2002 and April 5, 2007. Patients had hematocrit more than 30 and a stable erythropoietin dose for at least 8 wk before study entry. SBI included all catheter-related infections and peritonitis. Hemodialysis catheter-associated infection was defined as an episode of fever with a positive blood culture obtained via the catheter at the onset of hemodialysis. Peritonitis was defined by the presence of fever, abdominal pain, and a peritoneal fluid cell count exceeding 250. Healthy children and adolescents with a normal GFR were used as controls. All procedures in this study (Protocol #: 03-08-082) were in accordance with the ethical standards of The North Shore-Long Island Jewish Health System Office of the Institutional Review Board, and informed consent was obtained from all study subjects.
Blood Collection and Processing
Five ml of EDTA anticoagulated blood was collected from each study subject. In patients on hemodialysis, the blood sample was obtained through the catheter at the start of treatment, before administration of heparin. For peritoneal dialysis patients, blood was obtained by venipuncture during routine nephrology clinic visits. For control subjects, a sample of blood was collected before a kidney biopsy or during outpatient evaluation of hematuria or proteinuria. A portion of each blood sample (400 l) was processed immediately to obtain plasma and the remainder (4.6 ml) was used for chemokine receptor profiling (0.6 ml, unfractionated) and functional studies (4 ml, fractionated). For fractionation of neutrophils and mononuclear cells, blood (4 ml) was mixed with 6% T500 dextran (1.4 ml) and allowed to sediment for 20 min. The upper fraction was recovered, and cells were collected by centrifugation, washed, and purified by Ficoll hypaque (Pharmacia; Piscataway, New Jersey) density gradient centrifugation. Cells at the interface were collected and used for monocyte functional studies. Pellets were collected, contaminating red blood cells were removed by hypotonic lysis with water, and the remaining cells were used for neutrophil functional studies. For children on hemodialysis, the effect of the procedure itself was evaluated by obtaining blood samples at the start of hemodialysis and after 60, 120, and 180 min of treatment.
Flow Cytometric Analysis of Chemokine Receptor Expression
To analyze cell surface chemokine receptor expression, EDTA-anticoagulated blood (100 l per tube) was aliquoted into six tubes containing anti-CD14 APC (for monocyte detection) in 20 l. Individual tubes then received phycoerythrin (PE)-labeled monoclonal anti-chemokine receptor (CCR1, CCR2, CCR5, CXCR1, or CXCR2) antibody or corresponding isotype control antibody (5 l of PE-labeled antibody per tube). Reactions were incubated for 20 min, and then erythrocytes were lysed using red blood cell lysis buffer (BD-Pharmingen). Chemokine receptor expression was analyzed by four-color flow cytometry using a Becton Dickinson FACSCalibur. Monocytes were identified by CD14 ϩ staining and neutrophils and lymphocytes were identified by forward and side scatter profile. Results are expressed as the difference between mean fluorescence intensity with the anti-chemokine receptor antibody and isotype control antibody.
Chemotaxis Assays
For neutrophil chemotaxis, purified neutrophils were labeled with 5 M calcein-AM according to the manufacturer's directions (Molecular Probes, Eugene, Oregon), and diluted to a concentration of 3 ϫ 10 6 cells per ml in RPMI 1640 medium (Invitrogen) and placed into the upper well of a Transwell chamber that was separated from the bottom well (containing IL-8 chemoattractant) by a membrane with 3-m pores (Costar). Neutrophils were allowed to migrate for 1 h and then the upper well was removed and neutrophils in the lower well quantified by measuring calcein fluorescence. For monocyte chemotaxis, mononuclear cells were diluted to a concentration of 3 ϫ 10 6 cells per ml in RPMI 1640 medium (Invitrogen) and placed into the upper well of a Transwell chamber that was separated from the bottom well (containing MCP-1 chemoattractant) by a membrane with 5-m pores (Costar). Cells were allowed to migrate for 2 h and then the upper well was removed and monocytes in the lower well quantified by staining cells with APC-labeled anti-CD14 antibody, followed by the addition of a fixed amount of FITC-labeled beads (BD Pharmingen) to each tube and quantification of the number of CD14 ϩ cells per 10 4 beads by flow cytometry.
Chemokine Analyses
Chemokine levels were quantitated in duplicate by specific sandwich ELISA assays. MCP-1, MIP-1␣, MIP-1␤, and IL-8 concentrations were determined using Quantikine ELISA kits (R&D Systems) and RANTES concentrations were determined using a previously described ELISA assay (19) . Absorbances were read using a Dynatech MR5000 spectrophotometer and chemokine concentrations determined by comparison to standard curves using a Biolinx software program.
tion. Upon finding a significant difference (P Ͻ 0.05, with no adjustments made for the testing of multiple variables), the effects of other factors such as infection and type of dialysis were investigated using the Kruskal-Wallis (KW) nonparametric test to compare controls versus ESRD without infection versus ESRD with infection and, similarly, for controls versus peritoneal dialysis (PD) versus hemodialysis (HD). Upon finding a significant difference (P Ͻ 0.05), pairwise multiple comparisons using the MW test were carried out to determine which patient groups differed from one another. Because three pairwise tests were performed, a result was considered significant if P Ͻ 0.017 (ϭ 0.05/3). One-way ANOVA with Bonferroni post-test was used for the analysis of neutrophil and macrophage migration and a two-way ANOVA was used for analysis of chemokine receptor changes over time during hemodialysis treatment. In these analyses, P Ͻ 0.05 was accepted as significant. All statistical analyses were performed using SAS or GraphPad Prism version 4.00 for Windows (GraphPad Software, San Diego, California).
Because this investigation was a pilot study, no formal power calculations were carried out before conducting the study. Nevertheless, it should be noted that with approximately 16 controls and 30 ESRD patients, the study has 80% power for detecting an effect size of 0.89 between the two groups (alpha ϭ 0.05, 2-tailed t test). Such a difference is often considered "large" in size (20) .
Results
Study Population
We studied 30 pediatric patients with ESRD and 16 healthy control children and adolescents. Among the children with ESRD, 21 were being treated with hemodialysis and 9 with peritoneal dialysis. The mean age, gender, and ethnicity of the patients and controls are shown in Table 1 . There were no significant differences in any of these characteristics between (i) the two groups of patients with ESRD (HD group and PD group) or (ii) the control group and either ESRD group. The control patients were not taking any medications at the time of blood sampling. Among the ESRD patients, four were prescribed antibiotics-two in the HD group and two in the PD group-but none were being treated with statins.
ESRD is Associated with Dysregulated Expression of a Subset of Chemokine Receptors on Circulating Neutrophils and Monocytes
We hypothesized that abnormalities in neutrophil and macrophage function observed within the context of ESRD might result from altered inflammatory cell chemokine receptor expression. To address this possibility, neutrophils and monocytes from patients with ESRD and controls were analyzed for chemokine receptor expression by flow cytometry. Neutrophils from patients with ESRD expressed significantly lower levels of the major neutrophil chemoattractant receptor CXCR1 compared with neutrophils from healthy children and adolescents (P Ͻ 0.026) ( Figure 1 , A and B). Expression of a second neutrophil chemoattractant receptor, CXCR2, was analyzed in a subgroup of study subjects and no significant difference in receptor expression between patients with ESRD and control subjects was observed ( Figure 1 , A and C). The determination of chemokine receptor levels was repeated in six patients (HD, n ϭ 5 and PD, n ϭ 1) after a 9 to 12-mo observation period and the measurements were reproducible in all instances (data not shown).
Circulating monocytes display a different pattern of chemokine receptors on their surface as compared with neutrophils, allowing for selectivity in their recruitment and activation (21, 22) . The predominant cell surface chemokine receptor expressed on circulating monocytes is CCR2, which binds MCP-1 (23) . Monocytes also express CCR1 (which binds MIP-1␣ and RANTES), and very low levels of CCR5 (which binds MIP-1␣, MIP-1␤, and RANTES) (22) . Monocytes from ESRD patients and healthy controls were independently analyzed for expression of CCR1, CCR2, and CCR5 by flow cytometry. In the case of these three receptors, a significant difference was observed between the groups in CCR2 receptor expression (P Ͻ 0.033), but not CCR1 or CCR5 (Figure 2 , A through D). As outlined in the Methods, further subgroup analyses were performed only for the two receptors, CXCR1 and CCR2, which were noted to be different in ESRD patients compared with the controls.
Chemokine Receptor Impairment is Correlated with Infection Status
We hypothesized that the reduction in the expression of CXCR1 on neutrophils and CCR2 on monocytes might be greater in the subset of patients with ESRD and recurrent SBI. To address this, the levels of neutrophil CXCR1 ( Figure  3A ) and monocyte CCR2 ( Figure 3B ) were analyzed as a function of infection status (controls versus ESRD without infection versus ESRD with infection). Significant differences between groups were found for both CXCR1 (P Ͻ 0.014, KW The underlying causes of ESRD in patient population included: focal segmental glomerulosclerosis (n ϭ 7, associated with cystic fibrosis in 1 case), obstructive uropathy (n ϭ 6), acute tubular necrosis (n ϭ 3), interstitial nephritis (n ϭ 2) membranous nephropathy (n ϭ 2), systemic lupus erythematosus (n ϭ 2), chronic GN (n ϭ 2), autosomal recessive polycystic kidney disease (n ϭ 1), HIV nephropathy (n ϭ 1), poststreptococcal acute FN (n ϭ 1), Alport syndrome (n ϭ 1), microscopic polyangitis (n ϭ 1) and D ϩ HUS (n ϭ 1).
b W, white; B, black; H, Hispanic test) and CCR2 (P Ͻ 0.011, KW test). Upon further analysis using multiple pairwise comparisons (MW test), controls were found to differ from ESRD with infection for CXCR1 (P Ͻ 0.0042) and CCR2 (P Ͻ 0.0035). No other comparisons (e.g. controls versus ESRD without infection or ESRD with Figure 1 . ESRD is associated with dysregulated expression of chemokine receptors on circulating neutrophils. Whole blood was collected and stained for CXCR1 or CXCR2 using phycoerythrin (PE)-conjugated antibodies specific for each receptor. All samples were co-stained with CD14-allophycocyanin (APC) to discriminate neutrophils (CD14Ϫ) from contaminating monocytes (CD14 ϩ ). (A) Representative whole blood forward scatter/side scatter dot plots (to define R1/neutrophil gate) and two-color dot plots (R1/neutrophil gate only) for one healthy control, one patient with ESRD without infection over the preceding 12 mo (infϪ), and one patient with ESRD having more than three infections over the preceding 12 mo (inf Figure 2. Cell surface expression of the macrophage chemokine receptor CCR2, but not CCR1 or CCR5, is significantly lower on blood monocytes from patients with ESRD as compared with blood monocytes from control individuals. Whole blood was collected and stained for CCR1, CCR2 or CCR5 using PE-conjugated antibodies specific for each receptor. All samples were co-stained with CD14-APC to identify monocytes (CD14 ϩ ). (A) Representative whole blood two-color dot plots for one healthy control, one patient with ESRD (infϪ), and one patient with ESRD (inf ϩ ). Numbers correspond to MF of chemokine receptor staining in CD14 infection versus ESRD without infection) were statistically significant (Table 2) , although patients with ESRD who did not experience recurrent infection had a trend toward lower CXCR1 expression compared with controls that was not statistically significant.
A Comparable Pattern of Chemokine Receptor Expression is Observed in Patients on HD and PD
To assess whether chemokine receptor expression might be differentially regulated in patients on HD (n ϭ 21) versus those on PD (n ϭ 9), we analyzed cell surface chemokine receptor levels on both neutrophils and monocytes as a function of dialysis modality. Neither CXCR1 levels on neutrophils nor CCR2 levels on monocytes differed significantly between the two renal replacement therapy groups (Table 2) .
There is a Time-Dependent Loss of Chemokine Receptor Expression as a Function of the HD Process Itself
In the studies outlined above, blood was drawn from HD patients immediately before the initiation of dialysis. Any chemokine receptor loss therefore reflects dysregulation in baseline CXCR1 and CCR2 expression. Because components of the dialysis membrane have an effect on cellular activation (24,25), we also explored whether the HD procedure itself had an adverse effect on chemokine receptor expression. In a subset of patients (n ϭ 6), a kinetic study was performed in which blood was collected before HD and at defined intervals after the initiation of the procedure. We observed CXCR1 loss on neutrophils ( Figure 4A ) and CCR2 loss on monocytes ( Figure 4B ) as a function of duration of HD. The decline in chemokine receptor expression was observed in all patients in this subgroup irrespective of infection status, and was confirmed on repeat testing in two children.
Chemokine Receptor Function is Impaired in ESRD
Although chemokine receptor expression was significantly lower in both neutrophils (CXCR1) and monocytes (CCR2) from patients with ESRD, it was never lost completely. To address whether the low levels of immunoreactive receptor present on ESRD patient leukocytes were functional, we independently isolated neutrophils and monocytes and assayed their responsiveness to the appropriate chemokine ligands (IL-8 for neutrophils, MCP-1 for monocytes) using a modified Boyden chamber chemotaxis assay. These studies were done in nine ESRD patients, of whom three had recurrent SBI and six were infection-free. Although neutrophils isolated from healthy control children and adolescents exhibited strong migratory responses to the CXCR1/CXCR2 ligand IL-8 ( Figure 5A , hatched bars), neutrophils isolated from ESRD patients exhibited impaired responsiveness to this chemoattractant ( Figure  5A , solid bars). Similarly, monocytes isolated from ESRD patients exhibited markedly lower responses to the CCR2 ligand MCP-1 as compared with monocytes isolated from healthy (8) a Mean Ϯ SEM from indicated number of control subjects or patients (number of control subjects or patients in parentheses). Chemokine receptor expression values are reported as mean fluorescence intensity. Significances for control versus ESRD were determined using the Mann-Whitney nonparametric test. Significances for all subgroup analyses were determined using the Kruskal-Wallis nonparametric test followed by pairwise multiple comparisons using the Mann-Whitney test.
b P Ͻ 0.017 versus control. (21) inf -
ESRD inf + ESRD Cont (16) (21) inf - Patients were divided into those without infection over the preceding 12 mo (infϪ) and those having more than three infections over the preceding 12 mo (inf ϩ ). Subgroup analyses were performed using the Kruskal-Wallis nonparametric test followed by pairwise multiple comparisons using the Mann-Whitney test as described in the Statistical Analyses section. Significances are indicated as (*) P Ͻ 0.0042 versus control, (**) P Ͻ 0.0035 versus control. control children ( Figure 5C ). To address whether the cells from children with ESRD have a specific defect in chemokine receptor trafficking or a global defect in migration, we tested their responsiveness to N-formyl-methionyl-leucyl-phenylalanine (FMLP), a potent chemoattractant for both neutrophils and monocytes that acts independently of the chemokine receptors. Neutrophils from children with ESRD, although unresponsive to IL-8, were able to migrate in response to FMLP ( Figure 5B ). In contrast, monocytes from patients with ESRD exhibited impaired migration to both MCP-1 and FMLP ( Figure 5D ), suggesting a more global defect in trafficking in these cells. Interestingly, these later studies were performed in the three patients without recurrent SBI.
Circulating Chemokines are Elevated in Patients with ESRD, but the Levels Do Not Correlate with Chemokine Receptor Dysregulation.
A subset of chemokine ligands, including those that regulate the trafficking of circulating monocytes and neutrophils (MCP-1, MIP-1␣, MIP-1␤, RANTES, and IL-8) are upregulated within the context of renal disease (26 -29) . Therefore, we measured plasma levels of those five chemokines in our cohort of children with ESRD and healthy controls (Table 3) . Controls only differed significantly from ESRD patients for MCP-1 (P Ͻ 0.0004). No differences were observed for MIP-1␣, MIP-1␤, RANTES, or IL-8. When the effect of type of dialysis was used to further stratify the ESRD patients (PD versus HD), it was observed that MCP-1 differed for control versus PD and for control versus HD, but not for PD versus HD.
When stratified according to infection status, there was a significant difference for MCP-1 (P Ͻ 0.0003, KW test). Upon further analysis with multiple comparisons, controls were found to differ from ESRD with infection and from ESRD without infection. However, ESRD with infection did not differ from ESRD without infection. There was no correlation between plasma chemokine levels and the level of chemokine ϩ cells EXP /# CD14 ϩ cells-CONTROL . In panels A and C, bars represent the means Ϯ SD of all controls and patients analyzed and the numbers on the x-axis indicate the concentration of IL-8 or MCP-1/CCL2 in the bottom well of the chemotaxis chamber, respectively. In panels B and D, bars represent the means Ϯ SD of three control and three patients analyzed, and chemoattractant concentrations were IL-8 (50 ng/ml) and FMLP (10 Ϫ8 M). All chemotaxis assays were performed in duplicate. Statistical analysis comparing migration in response to chemoattractants to migration in the absence of any chemoattractant was performed using oneway ANOVA with Bonferroni post test. A B Figure 4 . There is a time-dependent loss of chemokine receptor expression as a function of the dialysis process itself. The effect of the dialysis procedure itself on neutrophil CXCR1 expression ( Figure 4A ) and CCR2 on circulating monocytes ( Figure 4B ) was evaluated in a subset of hemodialysis patients by collecting EDTA anticoagulated blood at the start of hemodialysis and at specified time-points after initiation of treatment and analyzing CXCR1 expression by flow cytometry. Data from six independent patients are plotted here. For five patients for whom 60 to 90-min time point data were available, we compared those values to predialysis values using two-way ANOVA and found the percent decreases in CXCR1 and CCR2 expression to be significantly different as a function of time (CXCR1: P Ͻ 0.01; CCR2: P Ͻ 0.03), but not as a function of patient (P Ͼ 0.5 for both).
receptor expression on leukocytes in either control subjects or patients with ESRD.
Discussion
Cellular responses to chemokine ligands, which are essential for mounting an effective host defense against pathogens, are critically dependent upon the expression of functional chemokine receptors on the surface of inflammatory cells. Our data demonstrate a marked dysregulation in inflammatory cell chemokine receptor expression and responsiveness in pediatric patients with ESRD, which is more pronounced in the subgroup of patients who have had multiple SBI in the preceding year. The fact that impairment in cell surface chemokine receptor expression on circulating neutrophils and monocytes correlates with recurrent infection suggests that chemokine receptor dysregulation might underlie or contribute to an increased risk for infection, and as such, may be a useful index of treatment efficacy.
It is important to acknowledge that our findings were obtained in a modest cohort of pediatric patients and age-matched controls recruited at a single site. Patient cohorts for studies in children with ESRD must be evaluated in light of the lower incidence of disease and the impetus to kidney transplantation in pediatric versus adult populations. Nonetheless, valid conclusions about immune function, e.g. plasma cytokine levels have been drawn based on patients groups half as large as ours (30) . The results of our study need to be confirmed in adults with ESRD. In addition, the study group had a wide variety of underlying kidney diseases and because of the limited sample size we cannot make any assertion about the effects of specific kidney disorders on chemokine receptor levels and circulating chemokine concentrations. However, we observed alterations in chemokine receptor levels in patients with glomerular or tubulointerstitial disease, suggesting that the dysregulation is an intrinsic feature of ESRD.
The differences in chemokine receptor expression levels observed in our pediatric populations do not appear to be attributable to age, as there was no significant difference in age between (i) the two groups of patients with ESRD (HD group and PD group) or (ii) the control group and either ESRD group. A recent report has documented a difference in postinfection CCR1 and CCR5 expression on influenza-infected monocytederived macrophages from human umbilical cord blood of healthy full-term infants as compared with influenza-infected monocyte-derived macrophages from adult blood donors (31) . However, that study focused on postinfection differences in neonatal versus adult chemokine receptor expression in cultured macrophages and did not evaluate basal expression of chemokine receptors in unstimulated peripheral blood monocytes and neutrophils, as in our study. Moreover, the pediatric patients and controls in our cohort were beyond the newborn period. Finally, there was no correlation between age and chemokine receptor expression levels in our control population (age range 3 mo to 20.7 yr; r 2 ϭ 0.041; P ϭ 0.51 for CXCR1 expression on neutrophils; r 2 ϭ 0.079 with P ϭ 0.35 for CCR2 expression on monocytes).
Chemokine receptor expression and responsiveness is dysregulated in both neutrophils and monocytes in the context of ESRD. Moreover, the two cell types are similarly responsive to disease conditioning. The levels of the neutrophil chemoattractant receptor, CXCR1, and the monocyte chemoattractant receptor, CCR2, are both mildly diminished as a consequence of ESRD itself. Recurrent SBI markedly exacerbated this loss on both cell types. Therefore, in patients with ESRD, changes in neutrophil CXCR1 and monocyte CCR2 expression as a reflection of a fixed abnormality inherent to the uremic state may be less prominent compared with the alterations induced by recurrent SBI.
We acknowledge that our studies do not define the cellular basis or underlying mechanism for the observed alteration in chemokine receptor expression. Changes in leukocyte adhesion molecule expression or membrane microvilli may play key a Mean values Ϯ SEM from indicated number of control subjects or patients. Chemokine values are reported in pg/ml. Specimens with undetectable chemokine concentrations were assigned a value equal to the lower limit of detection. Significances for control versus ESRD were determined using the Mann-Whitney nonparametric test. Significances for all subgroup analyses were determined using the Kruskal-Wallis nonparametric test followed by pairwise multiple comparisons using the Mann-Whitney test.
b P Ͻ 0.017 versus control. MCP-1, monocyte chemotactic protein-1; MIP-1␣ , macrophage inflammatory protein-1␣ ; MIP-1␤ , macrophage inflammatory protein-1␤ ; RANTES, regulated upon activation, normal T cell expressed, and secreted protein; IL-8, interleukin-8.
roles in this process. Another potential mechanism that may contribute to the chemokine receptor dysregulation in ESRD is receptor crossdesensitization. In neutrophils, calcium mobilization triggered by CXCR1 and CXCR2 ligands (e.g. IL-8 and gro␣) is desensitized by prior exposure to several unrelated chemoattractants including N-formylated peptides and the complement cleavage product C5a (32, 33) . Circulating levels of complement components C5a and C3a are elevated in patients with ESRD on dialysis (34, 35) , and chronic exposure of circulating inflammatory cells to these mediators may lead to loss of chemokine receptor expression and/or function via crossdesensitization. This highlights the dual nature of complement, which plays a protective role against bacterial infection on the one hand, but on the other can elicit an exaggerated inflammatory response that contributes to disease-related pathology (36 -39) . Although it is likely that complement components contribute to this phenomenon, it is unlikely to be the sole factor. First, the effect of C5a is much more dramatic on CXCR2 as opposed to CXCR1, whereas herein we observed significantly lower expression of CXCR1, but not CXCR2, on neutrophils from patients with ESRD. Second, although complement components exert similar effects on the ␤ chemokine receptor, CCR2, our data only show a significant reduction in CCR2 on monocytes within the context of infection and not in patients with ESRD without active infection, even though the levels of complement components would be similar in both groups. Studies to elucidate the mechanism of chemokine dysregulation in children with ESRD are underway in our laboratory.
Our results underscore the disparity between chemokine receptor expression and function. Although levels of inflammatory chemokine receptors are significantly lower on both neutrophils and monocytes from patients with ESRD who had three or more SBI in the preceding year as compared with healthy controls, they are still detectable. Only when receptor function is evaluated does the full effect of chemokine receptor impairment become apparent, with monocytes and neutrophils being almost completely unresponsive to chemokine ligands. This may reflect the need for a threshold of receptor expression for cells to respond to chemokine ligands. Alternatively, some of the receptor expressed on the cell surface may be immunoreactive, but biologically inactive. Finally, uremia may interfere with downstream signaling after ligand binding to the appropriate chemokine receptor that impairs normal cell function. Therefore, even cells with detectable levels of chemokine receptors may be incapable of migration in response to ligand. This would imply that measuring chemokine receptor levels underestimates chemokine receptor defects, and that expression studies need to be complemented with functional assays.
A critical question is the identity of the initial stimulus that triggers the downregulation of chemokine receptors. Does early exposure to SBI result in loss of cell surface chemokine receptors, impairing the ability to fight subsequent infections, or are chemokine receptors downmodulated as a consequence of renal disease, resulting in increased susceptibility to bacterial infection? It is difficult to distinguish between these two possibilities on the basis of our data, but both processes are likely to be involved. On the one hand, bacterial products including lipopolysacharides can downregulate chemokine receptor expression on several cell types critical for innate immune responses, including neutrophils and macrophages (40 -44) . On the other hand, failure to express functional chemokine receptors in targeted gene knockout studies in mice and single nucleotide polymorphism analysis in humans leads to heightened risk of bacterial infection (11) (12) (13) (14) (15) (16) (17) (18) 45) . Thus, the following sequence of steps may occur in ESRD: primary reduction in neutrophil and monocyte chemokine receptor levels, increased susceptibility to infection, further lowering of neutrophil and macrophage chemokine receptor levels, and further increased susceptibility to infection. The demonstration of two different subpopulations of patients, one that experienced recurrent SBI and the other that did not, may reflect a recent infection that acutely lowered chemokine responsiveness in the former group. Another possibility is that there are inherent genetic differences, reflected in single nucleotide polymorphism variability, in chemokine expression between the two groups. Finally, environmental or treatment factors may contribute to the variability in chemokine receptor expression in pediatric ESRD patients.
A recent study reported elevated expression of CXCR1 by neutrophils in the glomerular and tubulointerstitial renal compartments in patients with lupus nephritis, membranoproliferative GN, and crescentic GN (46) . This suggests that the loss of chemokine receptor expression on leukocytes is restricted to the blood compartment. This dichotomy may lead to enhanced intrarenal inflammation-induced pathology in these diseases, in conjunction with decreased inflammatory responses to pathogens. It raises concern regarding the use of small molecule anti-chemokine inhibitors to block chemokine-mediated pathology in the kidney (47,48) because they could increase the risk of SBI in patients with ESRD.
In summary, we have demonstrated that chemokine receptor dysregulation contributes to the immune dysfunction that is involved in the development of catheter-related SBI in children with ESRD. Moreover, the findings raise the possibility that analysis of chemokine receptor levels on circulating leukocytes may identify a subset of patients on dialysis who are at increased risk of developing SBI
